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PLIABLE SILK MEDICAL DEVICE

CROSS REFERENCE

This patent application is a continuation in part of U.S.
patent application Ser. No. 13/715,872, filed Dec. 14, 2012,
which is a continuation in part of U.S. patent application Ser.
No. 13/306,325, filed Nov. 29, 2011, which is a continuation
in part of U.S. patent application Ser. No. 13/186,151, filed
Jul. 19, 2011, which is a continuation in part of U.S. patent
application Ser. No. 13/156,283, filed Jun. 8, 2011, whichis a
continuation in part of U.S. patent application Ser. No.
12/680,404, filed Sep. 19, 2011, which is a national stage
entry of PCT patent application number PCT/US09/63717,
filed Nov. 9, 2009, which claims priority to and the benefit of
United States provisional patent application No. 61/122,520,
filed Dec. 15, 2008, all of which applications are expressly
incorporated by reference herein in their entireties.

BACKGROUND

The present invention is a biodegradable (synonymously
bioresorbable), biocompatible, pliable, knitted silk matrix,
mesh or scaffold (the “device”) and methods for making and
using the device in surgical and cosmetic procedures where
soft tissue (i.e. a gland, organ, muscle, skin, ligament, tendon,
cartilage, blood vessel or mesentery) support (through the
load bearing function of the device) is desired, such as for
example in breast reconstruction, breast augmentation,
abdominal surgery, gastro-intestinal surgery, hernia repair
and facial surgery. The soft tissue support can be provided by
the device itself (for example in conjunction with a hernia
repair) or by the device being used in conjunction with
another implant, for example use of the device on or around a
tissue expander or a breast implant used in a breast recon-
struction or a breast augmentation surgical procedure.

Soft tissue support surgical meshes and scaffolds are
known and are usually made of a synthetic polymer such as
Teflon®, polypropylene, polyglycolic acid, polyester, or
polyglactin 910. Biomaterials such a tissue based or tissue
derived material, for example an acellular dermal matrix
(“ADM”) obtained from human and animal derived dermis
have also been used but do not have the mechanical integrity
of high load demand applications (e.g. ligaments, tendons,
muscle) or the appropriate biological functionality because
most biomaterials either degrade too rapidly (e.g., collagen,
PLA, PGA, or related copolymers) or are non-degradable
(e.g., polyesters, metal), and in either case functional autolo-
gous tissue ingrowth (important to assist transfer of a load
bearing function from an implanted biomaterial as the bio-
material is bioresorbed by the body) occurs very little or fails
to occur. In certain instances a biomaterial may misdirect
tissue differentiation and development (e.g. spontaneous
bone formation, tumors) because it lacks biocompatibility
with surrounding cells and tissue. As well, a biomaterial that
fails to degrade typically is associated with chronic inflam-
mation and such a response is detrimental to (i.e. weakens)
surrounding and adjacent tissue.

Silk is a natural (non-synthetic) protein made of high
strength fibroin fibers with mechanical properties similar to
or better than many of synthetic high performance fibers. Silk
is also stable at physiological temperatures in a wide range of
pH, and is insoluble in most aqueous and organic solvents. As
a protein, unlike the case with most if not all synthetic poly-
mers, the degradation products (e.g. peptides, amino acids) of
silk are biocompatible. Silk is non-mammalian derived and
carries far less bioburden than other comparable natural bio-
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materials (e.g. bovine or porcine derived collagen). Silk, as
the term is generally known in the art, means a filamentous
fiber product secreted by an organism such as a silkworm or
spider. Silks can be made by certain insects such as for
example Bombyx mori silkworms, and Nephilia clavipes spi-
ders. There are many variants of natural silk. Fibroin is pro-
duced and secreted by a silkworm’s two silk glands. As
fibroin leaves the glands it is coated with sericin a glue-like
substance. Spider silk s produced as a single filament lacking
the immunogenic protein sericin. Use of both silkworm silk
and spider silk (from a natural source or made recombinantly)
is within the scope of the present invention.

Silkworm silk has been used in biomedical applications.
The Bombyx mori species of silkworm produces a silk fiber (a
“bave”) and uses the fiber to build its cocoon. The bave as
produced include two fibroin filaments or broins which are
surrounded with a coating of the gummy, antigenic protein
sericin. Silk fibers harvested for making textiles, sutures and
clothing are not sericin extracted or are sericin depleted or
only to a minor extent and typically the silk remains at least
10% to 26% by weight sericin. Retaining the sericin coating
protects the frail fibroin filaments from fraying during textile
manufacture. Hence textile grade silk is generally made of
sericin coated silk fibroin fibers. Medical grade silkworm silk
is used as either as virgin silk suture, where the sericin has not
been removed, or as a silk suture from which the sericin has
been removed and replaced with a wax or silicone coating to
provide a barrier between the silk fibroin and the body tissue
and cells. Physicians prefer and require an implantable, knit-
ted silk medical device with the flexibility to be stretched,
expanded, pulled into shape, elongated and/or draped into
place over, around or under soft tissue or an implant at the
time ofa soft tissue surgical or medical procedure, without the
silk medical device upon its elongation breaking, splitting or
unraveling. Thus there is a need for such a pliable, sericin
extracted implantable, bioresorbable silk medical device.

SUMMARY

A device according to the present invention fulfills this
need. The device in one embodiment is a pliable. knitted mesh
having at least two yarns laid in a knit direction and engaging
each other to define a plurality of nodes, the at least two yarns
including a first yarn and a second yarn extending between
and forming loops about two nodes, the second yarn having a
higher tension at the two nodes than the first yarn, the second
yarn substantially preventing the first yarn from moving at the
two nodes and substantially preventing the knitted mesh from
unraveling at the nodes. The device is a surgical mesh made of
silk that is knitted, multi-filament, and bioengineered. It is
mechanically strong, biocompatible, and long-term biore-
sorbable. The sericin-extracted silkworm fibroin fibers of the
device retain their native protein structure and have not been
dissolved and/or reconstituted.

“Bioresorbed” means that none or fewer than 10% of the
silk fibroin fibers of the device can be seen to the naked (no
magnification aid) eye upon visual inspection of the site of
implantation of the device or of a biopsy specimen therefrom,
and/or that the device is not palpable (i.e. cannot be felt by a
surgeon at a time after the surgery during which the device
was implanted) upon tactile manipulation of the dermal loca-
tion of the patient at which the device was implanted. Typi-
cally either or both of these bioresorbed determinants occur
about 1 to about 5 years are in vivo implantation of the device.

“About” means plus or minus ten percent of the quantify,
number, range or parameter so qualified.
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The device of the present invention is a pliable, sterile
surgical mesh or scaffold available in a variety of shapes and
sizes ready for use in open surgical or in laparoscopic proce-
dures. The device is flexible and well-suited for delivery
through a laparoscopic trocar due to its strength, tear resis-
tance, suture retention, and ability to be cut in any direction.
The device can provide immediate physical and mechanical
stabilization of a tissue defect through the strength and porous
(scaffold-like) construction of the device. The device can be
used as a transitory scaffold for soft tissue support and repair
to reinforce deficiencies where weakness or voids exist that
require the addition of material to obtain the desired surgical
outcome.

The device can comprise filament twisted silk yarns. The
silk is made of silk fibroin fibers. The silk fibroin fibers are
preferably sericin depleted or sericin extracted silk fibroin
fibers. The device has an open pore knit structure. Signifi-
cantly, after implantation the device and ingrown native tissue
can maintain at least about 90% of the time zero device
strength of the device at one month or at three months or at six
months in vivo after the implantation. The device can be
implanted without regard to side orientation of the device and
the combined thickness of the device and ingrowth of native
tissue scaffold increases with time in vivo in the patient.

As used herein, “fibroin” includes silkworm fibroin (i.e.
from Bombyx mori) and fibroin-like fibers obtained from
spiders (i.e. from Nephila clavipes). Alternatively, silk pro-
tein suitable for use in the present invention can be obtained
from a solution containing a genetically engineered silk, such
as from bacteria, yeast, mammalian cells, transgenic animals
or transgenic plants. See, for example, WO 97/08315 and
U.S. Pat. No. 5,245,012.

The device is a pliable, knitted silk fabric intended for
implantation in a human body. The word “knit” is synony-
mous with the word “knitted”, so that a knit silk fabric is the
same as a knitted silk fabric. The device can be a warp knit or
can be weft knit silk fabric. Preferably, the device according
of'the present invention is a pliable, biocompatible, warp knit,
multi-filament silk fabric. A woven material or fabric is made
by weaving, which is a process that does not use needles, and
results in a fabric with different characteristics. In particular,
a woven fabric is made by a non-needle process using mul-
tiple yarns that interlace each other at right angles to form a
structure wherein one set of yarn is parallel to the direction of
fabric formation. Woven fabrics are classified as to weave or
structure according to the manner in which warp and weft
cross each other. The three main types of weaves (woven
fabrics) are plain, twill, and satin. Woven (weaved) silk fabric,
woven textiles and woven fabrics are not within the scope of
the present invention. Non-woven fabrics are also not within
the scope of the present invention. Non-woven (also refer to
as bonded) fabrics are formed by having multiple fibers
cohered together chemically or physically, without use of
needles.

Unlike the excluded woven and non-woven materials, a
knitted fabric is generally softer and more supple because its
thread is treated differently. Thus a knitted fabric is made by
using needles (such as for example the needles of a single or
double bed knit machine) to pull threads up through the
preceding thread formed into a loop by the needle. Because a
knitted fabric is made using needles the knitted fabric can
have one or multiple yarn intermeshing (also referred as inter-
loping). Preferably, the device is made of biodegradable silk
and is a biocompatible, non-woven, knit, multi-filament silk
fabric or mesh.

Embodiments according to aspects of the present invention
provide a biocompatible surgical silk mesh device for use in
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soft or hard tissue repair. Examples of soft tissue repair
include hernia repair, rotator cuff repair, cosmetic surgery,
implementation of a bladder sling, or the like. Examples of
hard tissue repair, such as bone repair, involve reconstructive
plastic surgery, ortho trauma, or the like.

Advantageously, the open structure of the device allows
tissue ingrowth as the silk forming the device is bioresorbed,
at a rate permitting smooth transfer of mechanical properties
to the new tissue from the device. Furthermore, the device has
a knit pattern that substantially or entirely prevents unravel-
ing, especially when the device is cut. The device have a
stable knit pattern made by knitting silk yarn with variations
of tension between at least two yarns laid in a knit direction.
For example, a first yarn and a second yarn may be laid in a
knit direction to form “nodes” for a mesh device. The knit
direction for the at least two yarns, for example, may be
vertical during warp knitting or horizontal during weft knit-
ting. The nodes of a mesh device, also known as intermesh
loops, refer to intersections in the mesh device where the two
yarns form a loop around a knitting needle. In some embodi-
ments, the first yarn is applied to include greater slack than the
second yarn, so that, when a load is applied to the mesh
device, the first yarn is under a lower tension than the second
device. A load that places the at least two yarns under tension
may result, for example, when the mesh device is sutured or
if there is pulling on the mesh device. The slack in the first
yarn causes the first yarn to be effectively larger in diameter
than the second yarn, so that the first yarn experiences greater
frictional contact with the second yarn at a node and cannot
move, or is “locked,” relative to the second yarn. Accordingly,
this particular knit design may be referred to as a “node-lock™
design.

The device bioresorbs at a rate sufficient that allows tissue
in-growth while transferring the load-bearing responsibility
to the native tissue. An embodiment of the device can be made
from Bombyx mori silkworm silk fibroin or from spider silk.
The raw silk fibers have a natural globular protein coating
known as sericin, which may have antigenic properties and
must be depleted before implantation. Accordingly, the yarn
is taken through a depletion process as described, for
example, by Gregory H. Altman et al., “Silk matrix for tissue
engineered anterior cruciate ligaments,” Biomaterials 23
(2002), pp. 4131-4141, the contents of which are incorpo-
rated herein by reference. As a result, the silk material used in
the device embodiments contains substantially no (less than
5%) sericin.

A process for making the pliable, knitted silk mesh (and for
obtaining the mesh) can have the steps of: knitting a first silk
yarn in a first wale direction using the knit pattern 3/1-1/1-1/
3-3/3; knitting a second silk yarn in a second wale direction
using the knit pattern 1/1-1/3-3/3-3/1; knitting a third silk
yarn in a first course direction using the knit pattern 3/3-3/3-
5/5-5/5-3/3-3/3-5/5-5/5-1/1-1/1-5/5-5/5-3/3-3/3-5/5-5/5-3/
3-3/3-7/7-7/7, and; knitting a fourth silk yarn in a second
course direction using the knit pattern 1/1-5/5-5/5-3/3-3/3-5/
5-5/5-3/3-3/3-7/7-7/7-3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-1/1,
thereby obtaining the pliable knitted silk mesh. In this process
the two movements in the wale direction occur on separate
needle beds, with alternate yarns, and with loops formed on
the course movements staggered within the repeat knit pat-
tern. In this process of claim 1 the silk yarns can be made of
a nine filament, twisted, and sericin depleted silk fibers, and
the yarns can be made with three ends of Td 20/22 raw silk
twisted together in the S direction to form a ply with 20 tpi and
further combining 3 of the resulting ply with 10 tpi in the Z
direction. Additionally, the e stitch density or pick count for
silk mesh design can be about 40 picks per centimeter includ-
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ing the total picks count for the technical front face and the
technical back face of the mesh, or equivalently about 20
picks per cm considering only one face of the mesh.

A detailed process for making the pliable knitted silk mesh,
the process can have the steps of: knitting a first silk yarn in a
first wale direction using the pattern 3/1-1/1-1/3-3/3; knitting
asecond silk yarn in a second wale direction using the pattern
1/1-1/3-3/3-3/1; knitting a third silk yarn in a first course
direction using the pattern 3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-
1/1-1/1-5/5-5/5-3/3-3/3-5/5-5/5-3/3-3/3-7/7-7/7, and; knit-
ting a fourth silk yarn in a second course direction using the
pattern 1/1-5/5-5/5-3/3-3/3-5/5-5/5-3/3-3/3-7/7-7/7-3/3-3/3-
5/5-5/5-3/3-3/3-5/5-5/5-1/1, wherein: the two movements in
the wale direction occur on separate needle beds with alter-
nate yarns and loops that occur on every course are staggered
within repeat; the silk yarns are made of a nine filament,
twisted, and sericin depleted silk fibers; the yarns are made
with 3 ends of Td 20/22 ra(g) w silk twisted together in the S
direction to form a ply with 20 tpi and further combining 3 of
the resulting ply with 10 tpi in the Z direction, and; the stitch
density or pick count for silk mesh design is 40 picks per
centimeter including the total picks count for the technical
front face and the technical back face of the mesh, or equiva-
lently 20 picks per cm considering only one face of the mesh,
thereby obtaining the pliable knitted silk mesh.

The pliable, knitted silk mesh can have percent elongation
at break of' between about 4% or 32% to about 109% or 110%,
a burst strength of about 0.45 MPa, and a stiftness of about 25
N/mm.

A process for making a pliable, knitted silk mesh, the
process comprising the steps of: knitting a first silk yarn in a
first wale direction using the knit pattern 3/1-1/1-1/3-3/3;
knitting a second silk yarn in a second wale direction using
the knit pattern 1/1-1/3-3/3-3/1, knitting a third silk yarn in a
first course direction using the knit pattern 3/3-3/3-5/5-5/5-
3/3-3/3-5/5-5/5-1/1-1/1-5/5-5/5-3/3-3/3-5/5-5/5-3/3-3/3-7/
7-7/7, and; knitting a fourth silk yarn in a second course
direction using the knit pattern 1/1-5/5-5/5-3/3-3/3-5/5-5/5-
3/3-3/3-7/7-7/7-3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-1/1,thereby
obtaining the pliable knitted silk mesh. Additionally, in this
justset forth process in this paragraph: (a) the two movements
in the wale direction occur on separate needle beds (a knitting
machine having two needle beds); and (b) with alternate yarns
such as they knit with the opposing needle bed to their loca-
tion (the front set of yarn knit with the back needle bed and the
back set of yarn knit with the front needle bed). Furthermore,
in this just set forth in this paragraph process the silk yarns are
made of a nine filaments (“filaments” can be defined as raw
silk yarn having a finesse of about Td 20/22) of twisted, and
sericin depleted silk fibers. Finally, in this just set forth in this
paragraph process the yarns are made with three ends of raw
silk yarn twisted together having a finesse of Td 20/22 twisted
together in the S direction (clockwise direction of twist) to
form a ply with 20 tpi (twist per inch is the number of twist
measured in an inch of yarn) and further combining 3 of the
resulting ply with 10 tpi in the Z direction(counter clockwise
direction of twist), and the stitch density or pick count for silk
mesh design is about 40 picks per centimeter including the
total picks count for the technical front face and the technical
back face of the mesh, or equivalently about 20 picks per cm
considering only one face of the mesh.

[21] Our invention also includes a process for making a
pliable knitted silk mesh, the process comprising the steps of:
knitting a first silk yarn in a first wale direction using the
pattern 3/1-1/1-1/3-3/3; knitting a second silk yarn in a sec-
ond wale direction using the pattern 1/1-1/3-3/3-3/1, knitting
a third silk yarn in a first course direction using the pattern
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6
3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-1/1 -1/1 -5/5-5/5-3/3-3/3-5/
5-5/5-3/3-3/3-7/7-7/7, and; knitting a fourth silk yarn in a
second course direction using the pattern 1/1 -5/5-5/5-3/3-3/
3-5/5-5/5-3/3-3/3-7/7-7/7-3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-
1/1, wherein: (e) the two movements in the wale direction
occur on separate needle beds with alternate yarns and loops
that occur on every course are staggered within repeat; (f) the
silk yarns are made of a nine filament, twisted, and sericin
depleted silk fibers; (g) the yarns are made with 3 ends of Td
20/22 raw silk twisted together in the S direction to form a ply
with 20 tpi and further combining 3 of the resulting ply with
10 tpi in the Z direction, and (h) the stitch density or pick
count for silk mesh design is 40 picks per centimeter includ-
ing the total picks count for the technical front face and the
technical back face of the mesh, or equivalently 20 picks per
cm considering only one face of the mesh, thereby obtaining
the pliable knitted silk mesh.

Our invention also includes a pliable knitted silk mesh
made by: knitting a first silk yarn in a first wale direction using
the pattern 3/1-1/1-1/3-3/3; knitting a second silk yarn in a
second wale direction using the pattern 1/1-1/3-3/3-3/1, knit-
ting a third silk yarn in a first course direction using the
pattern 3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-1/1 -1/1 -5/5-5/5-3/
3-3/3-5/5-5/5-3/3-3/3-7/7-7/7, and; knitting a fourth silk yarn
in a second course direction using the pattern 1/1-5/5-5/5-3/
3-3/3-5/5-5/5-3/3-3/3-7/7-7/7-3/3-3/3-5/5-5/5-3/3-3/3-5/5-
5/5-1/1. With this pliable knitted silk mesh of the two move-
ments in the wale direction occur on separate needle beds
with alternate yarns and loops that occur on every course are
staggered within repeat, and; the silk yarns are made of a nine
filament, twisted, and sericin depleted silk fibers, and; the
yarns are made with 3 ends of Td 20/22 raw silk twisted
together in the S direction to form a ply with 20 tpi and further
combining 3 of the resulting ply with 10 tpi in the Z direction,
and; the stitch density or pick count for silk mesh design is 40
picks per centimeter including the total picks count for the
technical front face and the technical back face of the mesh, or
equivalently 20 picks per cm considering only one face of the
mesh.

Our invention also includes a pliable knitted silk mesh
made by: knitting a first silk yarn in a first wale direction using
the pattern 3/1-1/1-1/3-3/3; knitting a second silk yarn in a
second wale direction using the pattern 1/1-1/3-3/3-3/1, knit-
ting a third silk yarn in a first course direction using the
pattern 3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-1/1-1/1-5/5-5/5-3/3-
3/3-5/5-5/5-3/3-3/3-7/7-7/7, and; knitting a fourth silk yarn in
a second course direction using the pattern 1/1-5/5-5/5-3/3-
3/3-5/5-5/5-3/3-3/3-7/7-7/7-3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/
5-1/1, wherein: (e) the two movements in the wale direction
occur on separate needle beds with alternate yarns and loops
that occur on every course are staggered within repeat; (f) the
silk yarns are made of a nine filament, twisted, and sericin
depleted silk fibers; (g) the yarns are made with 3 ends of Td
20/22 ra(g) w silk twisted together in the S direction to form
a ply with 20 tpi and further combining 3 of the resulting ply
with 10 tpi in the Z direction, and; (h) the stitch density or pick
count for silk mesh design is 40 picks per centimeter includ-
ing the total picks count for the technical front face and the
technical back face of the mesh, or equivalently 20 picks per
cm considering only one face of the mesh.

DRAWINGS

The present invention can be more fully understood from
the detailed description and the accompanying drawings,
which are not necessarily to scale, wherein:
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FIG. 1A is a photograph of a pattern layout for a silk-based
scaffold design in accordance with the present invention.

FIGS. 1B and 1C illustrate an example pattern layout for
the scaffold design of FIG. 1A including all pattern and
ground bars according to aspects of the present invention.

FIGS. 1D and 1E illustrate an example pattern layout for a
double needle bed mesh or scaffold according to aspects of
the present invention from FIG. 1B for ground bar #4.

FIGS. 1F and 1G illustrate an example pattern layout for a
double needle bed mesh or scaffold according to aspects of
the present invention from FIG. 1B for pattern bar #5.

FIGS. 1H and 11 illustrate an example pattern layout for a
double needle bed mesh or scaffold according to aspects of
the present invention from FIG. 1B for ground bar #7.

FIG. 17 illustrates an example pattern simulation for a
double needle bed mesh demonstrated in FIG. 1B according
to aspects of the present invention.

FIG. 1K shows the yarn feed rates used during the knit
process used to make the most preferred embodiment of the
device within the scope of the present invention.

FIG. 2 illustrates the twisting and multi-ply nature ofa yarn
comprised of silk fibroin bundles as used in an embodiment of
the present invention.

FIG. 3A shows a scanning electromicrograph (“SEM”) of
native silk fibers. FIG. 3B shows a SEM of sericin extracted
silk fibers useful to make the device. The size bar at the top of
each of FIG. 3A and FIG. 3B measures 20 microns.

FIG. 4 is a photograph of an embodiment (a knitted silk
fabric ready for implantation) of a device within the scope of
the present invention (placed above a millimeter ruler).

FIG. 5A is photograph at 16x magnification of a portion of
the FIG. 4 embodiment.

FIG. 5B is photograph of the FIG. 4 embodiment showing
the ease with which it can be cut without the fabric unraveling
or fraying.

FIG. 6 is a photograph of a pattern layout for a silk-based
scaffold design in accordance with the present invention (“‘the
device” of Example 1)

FIGS. 7 represent one of the element for the pattern layout
making the device on a raschel knitting machine. 7A is the
needle layout over two needle bed (front and back); 7B rep-
resent the yarn evaluation for the 4 bars making the device in
FIG. 6; 7B is one of the grid equivalent to one needle space
and one course (front or back of the pattern)

FIG. 8 represent one of the element for the pattern layout
making the device on a raschel knitting machine. 8A is the
threading sequence for the guide bar heddle, each color dot
represent one heddle eyelet; 8B is the bar and devices num-
bering sequence.

FIG. 9 represent one of the element for the pattern layout
making the device on a raschel knitting machine. 9A is the
sequence for the movements making up the pattern bars; 9B is
the sequence for the value making up the take down; 9C-9D-
9E are the sequences for the feed rate of the yarn making up
the pattern. The present invention is based on discovery of an
implantable, bioresorbable, biocompatible, pliable, knitted,
porous silk mesh (the “device”) which upon implantation
provides soft tissue support and, as the device bioresorbs,
transfer of its load bearing (support) function to new tissue
formed at the site of implantation. The device is preferably
made from Bombyx mori silkworm silk. It can also be made
from spider silk, including recombinantly made spider silk.
The preferred knit pattern of the device accomplishes varia-
tion in tension between yarns at the knit nodes (the yarn
interlocking loops) thereby preventing unraveling of the
mesh when cut for use in surgery. FIG. 5A (left hand side)
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shows a 16x magnification of the device knit pattern and FIG.
5B (right hand side) shows ease of cutting without fraying or
unraveling.

Importantly, the device made according to the present
invention allows significant and consistent tissue ingrowth
while bioresorbing at a rate which permits smooth transfer of
load bearing support to the newly formed tissue. Thus the
device is made of a biocompatible silk protein that is eventu-
ally bioresorbed. The raw silk fibers obtained from Bombyx
mori silkworms comprise a fibroin protein core filament
coated with the antigenic globular protein sericin. The sericin
is removed or substantially all removed by hot aqueous (i.e.
soap) extraction (wash) leaving behind fibroin protein fila-
ment consisting of layers of antiparallel beta sheets which
provide both stiffness and toughness. FIG. 3A is a SEM
photograph of native (sericin coated) silk fibers, and FIG. 3B
of the fibers after sericin extraction, as then used to make
(knit) the device. The porous knit structure of the device so
made is shown by FIGS. 1A, 4 and 5.

Multiple sericin-depleted fibroin protein fibers are com-
bined and twisted together to form a multi-filament yarn. The
multi-filament fibroin yarn is subsequently knitted into a
three dimensional pattern to serve as soft tissue support and
repair. The resulting device is mechanically strong, flexible,
and tear-resistant. The device is a single use only scaffold that
can be produced in a variety of shapes, sizes and thicknesses
and can be terminally sterilized.

The device provides immediate physical and mechanical
stabilization of tissue defects because of its strength and
porous construction and is useful as a transitory scaffold for
soft tissue support and repair. It provides reinforcement for
deficiencies where weakness or voids exist that require addi-
tional material reinforcement to obtain the desired surgical
outcome. The bioresorption process occurs over time after
implantation of the device as tissue in-growth and neovascu-
larization takes place.

The device can be used to assist soft tissue repair. Examples
of soft tissue repair include breast reconstruction, hernia
repair, cosmetic surgery, implementation of a bladder sling,
or the like.

Silk is the material used to make the device. Particular
embodiments may be formed from Bombyx Mori silkworm
silk fibroin. As explained a preferred embodiment of the
device is made using sericin extracted silk fibers with certain
knit machine parameters or settings. A detailed explanation of
the knit pattern and knit process used to make a most pre-
ferred embodiment of the present invention will now be set
forth. FIG. 1A is a photograph of a pattern layout for a device
(silk-based mesh or scaffold) in accordance with the present
invention. FIG. 1A shows the wale direction 10 and the course
direction 15 and placement of the silk yarns in either the wale
10 or course 15 scaffold material direction or location. The
device is preferably formed on a raschel knitting machine
such as Comez DNB/EL-800-8B set up in 10 gg needle spac-
ing by the use of three movements as shown in pattern layout
in FIGS. 1B and 1C: two movements in the wale direction, the
vertical direction within the fabric, and one movement in the
course direction, the horizontal direction of the fabric. The
movements in the wale direction occur on separate needle
beds with alternate yarns; loops that occur on every course are
staggered within repeat. The yarn follows a repeat pattern of
3/1-1/1-1/3-3/3 for one of the wale direction movements as
shown in FIGS. 1D and 1E and 1/1-1/3-3/3-3/1 for the other
wale direction movement as shown in FIGS. 1H and 11. The
interlacing of the loops within the fabric allows for one yarn
to become under more tension than the other under stress,
locking it around the less tensioned yarn, thereby keeping the



US 9,308,070 B2

9

fabric from unraveling when cut. The other movement in the
course direction as shown in FIG. 1F and 1G occurs in every
few courses creating the porous design of the device. These
yarns follow a repeat pattern of 7/7-9/9-7/7-9/9-7/7-9/9/-1/1-
1/1-3/3-1/1-3/3-1/1-3/3-1/1-3/3-1/1 for the course direction
movement. The pattern simulation layout of this pattern was
rendered using ComezDraw 3 software in FIG. 1J consider-
ing a yarn design made with 3 ends of Td (denier count) 20/22
raw silk twisted together in the S direction to form a ply with
20 tpi (turns per inch) and further combining three of the
resulting ply with 10 tpi. In FIG. 1J The same yarn design is
used for the movements occurring in the wale and course
directions. The stitch density or pick count for the design in
FIG. 1] is 34 picks per centimeter considering the total picks
count for the technical front face and the technical back face
of'the fabric, or 17 picks per cm considering only on the face
of'the fabric. The operating parameters described in FIGS. 1B
to 11 are the optimum values for the specific yarn design used
for the pattern simulation layout of FIG. 1J. In FIG. 1J item 17
is a simulated double needle bed mesh or scaffold. To further
explain aspects shown by FIG. 1F: following standard termi-
nology well known in the knit industry “F” means front and
“B” means back and with regard to FIG. 1F shows the incre-
mental sequence of pattern lines for the course direction. The
numbers “12, 9, 6 and 3” at the bottom of FIG. 1F represent
the number of needles in the needle bed starting count from
left to right. The upwards pointing arrows near the bottom of
FIG. 1F show the needle slots occupied by a needle actively
engaged with the yarn for the knit machine/knit process.
Rows 1F to 6B of FIG. 1F show the knit pattern used to make
the device. The FIG. 1F rows 1F to 6B kit pattern is repeated
94 times to make a 25 cm sheet length of the fabric of the
device, the number of repeats of the pattern being fewer or
more if respectively a smaller or larger section of device
fabric is desired to result from the knit process. The FIG. 1F
rows 1F to 6B knit pattern is equivalently described by the
above set forth, combined three knit movement: the first wale
direction 3/1-1/1-1/3-3/3 kait pattern; the second wale direc-
tion 1/1-1/3-3/3-3/1 knit pattern, and; the course direction
7/7-9/9-7/7-9/9-7/7-9/9/-1/1-1/1-3/3-1/1-3/3-1/1 knit pat-
tern. Rows 7F to 10B in FIG. 1F (and equivalently the termi-
nal 3/3-1/1-3/3-1/1-3/3-1/1-3/3-1/1 portion of the course knit
pattern) show the knit pattern used to make a spacer which
creates a kitted area of fabric separation (i.e. a cut location)
between adjacent 25 cm lengths of the knitted device fabric
which is knitted by the process set forth above as one con-
tinuous sheet of fabric. The specific feed rates for the yarn
forming this most preferred embodiment of the device is
shown in FIG. 1 K where column 17 shows the yarn feed rate
used for the first wale direction 3/1-1/1-1/3-3/3 knit pattern. A
rate of 212 is equivalent to 74.8 cm of yarn per 480 coursed or
per rack. Column 23 of FIG. 1K reports the yarn feed rate that
is used for the second wale direction 1/1-1/3-3/3-3/1 knit
pattern, where again a rate of 212 is equivalent to 74.8 cm of
yarn per 480 coursed or per rack. Column 22 of FIG. 1K
shows the yarn feed rate that is used for the course direction
7/7-9/9-7/7-9/9-7/7-9/9/-1/1-1/1-3/3-1/1-3/3-1/1-3/3-1/1-3/

3-1/1-3/3-1/1-3/3-1/1 knit pattern; a rate from line 1F to 6B of
190 is equivalent to 67.0 cm of yarn per 480 coursed or per
rack, while a rate from line 7F to 10B of 90 is equivalent to
31.7 cm of yarn per 480 coursed or per rack. Column 21 of
FIG. 1K shows that the yarn feed rate that is used for the
second to last yarn at each edge of the knitted device fabric in
the course direction 7/7-9/9-7/7-9/9-7/7-9/9/-1/1-1/1-3/3-1/
1-3/3-1/1-3/3-1/1-3/3-1/1-3/3-1/1-3/3-1/1 knit pattern; a rate
from line 1F to 6B of 130 is equivalent to 45.8 cm of'yarn per
480 coursed or per rack, while a rate from line 7F to 10B of 90
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is equivalent to 31.7 cm of yarn per 480 coursed or per rack.
Column 20 of FIG. 1K reports (shows) the yarn feed rate that
is used for the last yarn at each edge of the knitted device
fabric in the course direction 7/7-9/9-7/7-9/9-7/7-9/9/-1/1-1/
1-3/3-1/1-3/3-1/1-3/3-1/1-3/3-1/1-3/3-1/1-3/3-1/1 knit pat-
tern; a rate from line 1F to 6B of 130 is equivalent to 45.8 cm
of'yarn per 480 coursed or per rack, while a rate from line 7F
to 10B of 90 is equivalent to 31.7 cm of yarn per 480 coursed
or per rack.

The knit pattern shown in FIG. 1A can be knit to any width
depending upon the knitting machine and can be knitted with
any of the gauges available with the various crochet machines
or warp knitting machines. Table 1 outlines the device fabric
widths that may be achieved using a different numbers of
needles on different gauge machines. The dimensions in
Table 1 are approximate due to the shrink factor of the knitted
fabric which depends on stitch design, stitch density, and yarn
size used.

TABLE 1
Needle Knitting
Count Width (mm)

Gauge From To From To
48 2 5656 0.53 2997.68
24 2 2826 1.06 2995.56
20 2 2358 1.27 2994.66
18 2 2123 141 2993.43
16 2 1882 1.59 2992.38
14 2 1653 1.81 2991.93
12 2 1411 2.12 2991.32
10 2 1177 2.54 2989.58
5 2 586 5.08 2976.88

The device was knit with 9-filament, twisted silk yarns. A
yarn was made from three silk bundles, each of which was
comprised of individual silk fibrils as illustrated in FIG. 2.
The 9-filament yarns were knit into the surgical scaffold. The
wales ran horizontally and the courses ran vertically along the
scaffold.

A preferred embodiment of the device ready for surgical
use has a thickness between about 0.6 mm and about 1.0 mm,
awidth of about 10 cm (xabout 1 cm) and a length of about 25
cm (xabout 3 cm). Additionally the device has pores with an
average diameter greater than about 10,000 um?, a density of
from about 0.14 mg/mm® to about 0.18 mg/mm? (as deter-
mined by dividing the mass of the device by its volume
[thickness, width, and length multiplied together]), and is
comprised of atleast about 95% silk fibroin. Furthermore, the
device has a burst strength of from about 0.54 MPa to about
1.27 MPa, and a stiffness of between about 30N/mm to about
50 N'-mm (the latter two mechanical properties of the pre-
ferred device determined by American Society for Testing
and Materials D3787-07, “Standard Method for Burst
Strength of Textiles: Constant Rate of Transverse Ball Burst
Test” or ASTM F2150-07 Standard Guide for Characteriza-
tion and Testing of Biomaterial Scaffolds Used in Tissue
Engineered Medical Products)

The density of the device was calculated using the equa-
tion:

Mass [mg]
(Average Length [mm]) X
(Average Width [mm]) X (Thickness [mm])

Material Density =
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The cross-sectional area of full pores of the scaffold was
measured using a microscope with sufficient magnification
and image capture capability. The magnification was selected
based upon the resolution of the pores in the knit pattern being
examined.

Ball Burst Testing—Per ASTM D3787-07, each device
tested was compressed between the two circular fixation
brackets of the mechanical testing equipment, while leaving
exposed a circular area of the test article that covers the radius
of the inner fixture diameter. The sample device was secured
with a constant fixation bolt torque to the locking nuts of the
burst jig. Care was taken to ensure that the knit structure of the
sample was organized and not skewed or sheared. The sample
remained taut within the fixation brackets with equal distri-
bution of tension. The ball burst fixture was attached to the
mechanical testing equipment with a calibrated load cell. For
the burst test, the fixture ball was inserted through the center
diameter of the fixation brackets with a uniform pressure
applied to the test article. The ball was inserted at a constant
rate until the scaffold fails.

Burst stiffness was calculated by determining the slope of
the middle 60% of the linear region of the compressive load
vs. extension curve.

Maximum burst strength was calculated using the equa-
tion:

Maximum Burst Load [N]

1076
Exposed Area [m?] x

Maximum Burst Strength [MPa] =

The exposed area was the circular area of the test article
covering the radius (r) of the inner fixture diameter and was
calculated using the equation below.

Exposed Area=mr?

Tensile Testing—The tensile strength and elongation of the
device were measured in accordance with ASTM D5035.
Device samples were clamped in the mechanical test equip-
ment. The upper clamp was mounted to the load cell, which
was attached to the actuator and the lower clamp was mounted
to the support plate. The lower limit of the actuator was set so
that the upper and lower clamps were prevented from collid-
ing. The upper clamp was aligned to make the faces of both
clamps parallel to each other. The height of the mechanical
equipment crosshead was adjusted so that the actuator was
positioned to allow for a defined amount of upward move-
ment and a specific sample gauge length resided between the
upper and lower sample clamps.

The device was loaded by clamping the first 10 mm of the
sample into the upper clamp and allowing the remainder of
the sample to fall unrestrained into the bottom clamp opening.
The last 10 mm of the sample was held by the bottom clamp.
Care was taken to avoid pre-staining the device sample. Once
the sample was clamped the actuator height was adjusted so
that the sample had a pre-load of 2N. The actuator position
was adjusted to achieve a specific gauge length and then reset
to the zero-position at this point. The device sample was
strained until it experienced ultimate tensile failure. The aver-
age maximum tensile strength, maximum tensile stress, per-
cent elongation at break, and the tensile stiffness were deter-
mined. Tensile stiffness was calculated by determining the
slope of the trend line of the linear portion of the tensile load
vs. elongation curve bound by an upper and lower tensile
load.

Tensile stiffness was calculated as the slope of the linear
portion of the load verses elongation curve. The average
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maximum tensile strength, maximum tensile stress, linear
stiffness, and percent elongation at break were determined.
Maximum tensile stress was calculated using the equation:

Maximum Tensile Stress [MPa] =
Maximum Tensile Strength [N]
Width [m] %
Thickness [m]

%1076

Whereby, the thickness and width were provided by the
respective device sample thickness and width measurements.

Percent elongation at break was determined using the
equation:

X Elongation at Break [mm]
PercentElongationatBreak{%)] = o
Length [mm]

Whereby, length was provided by the respective device
sample length measurement.

Tear testing—A device sample with a width that is two-
thirds that of the length was cut from each device. Before the
samples are incubated in phosphate buffered saline, a small
cut that was one-fourth the size of the sample width was made
in the center of the device sample perpendicular to the length
(through a single row of wales). Mechanical test equipment
was used to measure the maximum tear resistance load.
Clamps were inserted in the equipment. The upper clamp was
mounted to the load cell that was attached to the actuator and
the lower clamp was mounted to the base support plate. The
lower limit of the actuator was set so that the upper and lower
clamps were prevented from colliding. The upper clamp was
aligned to make the faces of both clamps parallel to each
other. The height of the mechanical equipment crosshead was
adjusted so that the actuator was positioned to allow for a
defined amount of upward movement and a specific sample
gauge length resided between the upper and lower clamps.
The device sample was placed in the upper clamp. The top 10
mm of the sample was covered by the clamp. The device
sample was positioned so that the cut was located on the left
side. The sample was aligned perpendicular with the clamp
before the clamp was closed. The bottom portion of the
sample was allowed to fall unrestrained into the bottom clamp
opening. The clamp was closed and the sample was preloaded
with 3N. The sample was strained at a constant rate until the
sample tore at the cut point. From the resulting data the
maximum tear resistance load was obtained.

Embodiments of the device according to the present inven-
tion can be knitted on a fine gauge crochet knitting machine.
A non-limiting list of crochet machines capable of manufac-
turing the surgical mesh according to aspects of the present
invention are provided by: Changde Textile Machinery Co.,
Ltd.; Comez; China Textile Machinery Co., Ltd.; Huibang
Machine; Jakkob Muller AG; Jingwei Textile Machinery Co.,
Ltd.; Zhejiang Jingyi Textile Machinery Co., L.td.; Dongguan
Kyang the Delicate Machine Co., Ltd.; Karl Mayer; Sanfang
Machine; Sino Techfull; Suzhou Huilong Textile Machinary
Co., Ltd.; Taiwan Giu Chun Ind. Co., Ltd.; Zhangjiagang
Victor Textile; Liba; Lucas; Muller Frick; and Texma.

Embodiments of the device according to the present inven-
tion can be knitted on a fine gauge warp knitting machine. A
non-limiting list of warp knitting machines capable of manu-
facturing the surgical mesh according to aspects of the present
invention are provided by: Gomez; Diba; Jingwei Textile
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Machinery; Liba; Lucas; Karl Mayer; Muller Frick; Runyuan
Warp Kauitting; Taiwan Giu Chun Ind.; Fujian Xingang Tex-
tile Machinery; and Yuejian Group.

Embodiments of the device according to the present inven-
tion can be knitted on a fine gauge flat bed knitting machine.
A non-limiting list of flat bed machines capable of manufac-
turing the surgical mesh according to aspects of the present
invention are provided by: Around Star; Boosan; Cixing Tex-
tile Machine; Fengshen; Flying Tiger Machinary; Fujian
Hongqi; G & P; Gorteks; Jinlong; JP; Jy Leh; Kauo Heng Co.,
Ltd.; Matsuya; Nan Sing Machinery Limited; Nantong Sansi
Instrument; Shima Seiki; Nantong Tianyuan; and Ningbo
Yuren Knitting.

A test method was developed to check the cutability of the
device formed according to aspects of the present invention.
In the test method the device evaluated according to the
number of scissor strokes needed to cut the device with sur-
gical scissors. The mesh was found to cut excellently because
it took only one scissor stroke to cut through it. The device
was also cut diagonally and in circular patterns determining
that the device did not unraveled once cut in either or both its
length and width directions (see FIG. 5B). To determine fur-
ther if the device would unravel a suture was passed through
the closest pore from the cut edge, and pulled. This manipu-
lation did not unravel the device. Thus the device was easy to
cut and did not unravel after manipulation.

A device according to the present invention has been found
to bioresorb by 50% in approximately 100 days after implan-
tation, that is at least about 50% of the mass of the device
bioresorbs after about 100 days after implantation in a human
patient.

Physical properties of the device include thickness, density
and pore sizes. The thickness of the device was measured
utilizing a J100 Kafer Dial Thickness Gauge. A Mitutoyo
Digimatic Caliper was used to find the length and width of the
samples; used to calculate the density of the device. The
density was found by multiplying the length, width and thick-
ness of the mesh then dividing the resulting value by the mass.
The pore size of the device was found by photographing the
mesh with an Olympus SZX7 Dissection Microscope under
0.8x magnification. The measurements were taken using
ImagePro 5.1 software and the values were averaged over
several measurements. Physical characteristics of sample
meshes, and two embodiments of the device are shown in
Table 2.

TABLE 2

Physical Characterization

Thickness Pore Size
Sample (mm) (mm?) Density (g/cm?)
Mersilene Mesh 0.31 £0.01 0.506 = 0.035 0.143 = 0.003
Bard Mesh 0.72 £0.00 0.465 +0.029 0.130 £ 0.005
Vicryl Knitted Mesh 0.22 +0.01 0.064 +0.017 0.253 +0.014
Device knit on a 1.00 = 0.04 0.640 = 0.409 0.176 = 0.002
single needle bed
machine
Device knit on a 0.89 £0.003 1.26 +0.400 +0.005
double needle bed
machine

EXAMPLE 1

Pliable Silk Medical Device

We developed a pliable silk medical device (“the device” in
Examples 1-6) and methods for making the device. By pliable
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it is meant that the device can stretched to increase its length
and/or its width by between about 4% to about 110% before
breaking (see Table 5 below). The device is a pliable, knitted,
biocompatible silk scaffold device that can be implanted in a
surgical procedure to provide soft tissue repair and soft tissue
support, including to support an implant such as a breast
implant or a tissue expander. Examples of soft tissue repair
surgical procedures include breast reconstruction, hernia
repair, cosmetic surgery, and implementation of a bladder
sling. Although the device can employ a variety of polymer
materials, preferable the device is made of silk, such as Bom-
byx Mori silkworm silk fibroin. The raw silk fibers used to
make the device have a natural globular protein coating
known as sericin, which may have antigenic properties and
must be depleted before implantation of the device. Accord-
ingly, yarn used to make the device is taken through a sericin
depletion process as described in Altman et al., “Silk matrix
for tissue engineered anterior cruciate ligaments,” Biomate-
rials 23 (2002), pp. 4131-4141, the contents of which are
incorporated herein by reference in its entirety. After the
depletion process the silk material used in the device embodi-
ments contains substantially no sensitizing agents.

The device is preferably made by knitting sericin depleted
silk yarn to form a porous mesh or fabric. The knitting can be
carried out as raschel knitting, warp knitting and weft knit-
ting. After being knitted the fabric of the device can be treated
to enhance one or more device characteristics. The device
treatment can be a finishing or surface coating process which
can increase device hydrophilicity, biocompatibility and
mechanical properties, such as handling for ease of cutting
and graft pull-through, as well as add an anti-microbial or
anti-fungal coatings. Specific examples of device surface
treatments can include:

plasma modification

protein such as but not limited to fibronectin, denatured

collagen or gelatin, collagen gels and

hydrophobic by covalent link or other chemical or physical

method

peptides with hydrophilic and a hydrophobic end

peptides contain one silk-binding sequence and one bio-

logically active\

sequence

biodegradable cellulose

surface sulfonation

ozone gas treatment

physically bound and chemically stabilized peptides

DNA/RNA aptamers

Peptide Nucleic Acids

Avimers

modified and unmodified polysaccharide coatings

carbohydrate coating

anti-microbial coatings

anti-fungal coatings phosphorylcholine coatings

As shown in Table 3 devices of varying width were made
using different numbers of needles (needle count) on different
gauge knitting machines. The device can be knit to any width
limited by the knitting machine width and could be knitted
with any of the gauges available with the various warp knit-
ting machine.

TABLE 3
Gauge Needle Count Knitting Width (mm)
48 2-5,656 0.53-2,997.68
24 2-2,826 1.06-2,995.56
20 2-2,358 1.27-2,994.66
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TABLE 3-continued

Gauge Needle Count Knitting Width (mm)
18 2-2,123 1.41-2,993.43
16 2-1,882 1.59-2,992.38
14 2-1,653 1.81-2,991.93
12 2-1,411 2.12-2,991.32
10 2-1,177 2.54-2,989.58
5 2-586 5.08-2,976.88

Embodiments of a prosthetic device according to our
invention can be knitted on a fine gauge warp knitting
machine. The following is a list of warp knitting machines
capable of manufacturing the device: Gomez; Diba; Jingwei
Textile Machinery; Liba; Lucas; Karl Mayer; Muller Frick;
Runyuan Warp Knitting; Taiwan Giu Chun Ind.; Fujian Xin-
gang Textile Machinery; and Yuejian Group.

Embodiments of the device were knitted on a COMEZ
DNB/EL-800-8B/P—20 warp knitting machine in 20 gauge
with stroke for each of the positions from 1 through 30 as
shown in Table 4.

TABLE 4

Maximum stroke (mm)

Position per pattern line
1-8 1.25-60.00
9 0.33-1.00
11-29 0.01-38.65
30 0.33-1.00

Our device has deformation properties that can be con-
trolled by varying parameters within the device design, as set
forth below to achieve desired device deformation (“i.e. pli-
able”) properties. A preferred and desired deformation prop-
erty is the ability of the knitted device to exhibit at least about
a30-35% extension of its length in the machine direction and
at least about 25-30% extension of its length in the cross
direction without breaking or unraveling. These device prop-
erties are desired because they provide stretch or pliability for
the physician user at the time of device implantation, there-
fore permitting the user to alter the device dimensions at the
time of device implantation.

FIG. 6 is a photograph of an embodiment of a pattern
layout for the device, showing a silk-based scaffold design. In
FIG. 6 item A is a hexagonal or diamond shaped pore device
each with a square area of about 4 square millimeters, other
shape configuration may be designed such as round or
polygonal as well as a different square area value. This device
is preferably created on a raschel knitting machine such as
Gomez DNB/EL-800-8B-P set up in 10 gg needle spacing by
the use of four movements as shown by the pattern layout in
FIG. 7 and FIG. 8 and FIG. 9 with two movements in the wale
direction, the vertical direction within the fabric, and two
movements in the course direction, the horizontal direction of
the fabric.

The movements in the wale direction occur on separate
needle beds with alternate yarns; loops that occur on every
course are staggered within repeat. While being knit the yarn
follows a repeat pattern of 3/1-1/1-1/3-3/3 for one of the wale
direction movements and 1/1-1/3-3/3-3/1 for the other wale
direction movement, with each number representing a posi-
tion, each “I” representing a guide bar movement, and each
“-” representing a course (or stitch). For example, a yarn
following a pattern of 3/1-1/1-1/3-3/3 would start in position
3 (located between the second and third needle slots) and
move, as indicated by the “/”; to position 1. The knitting
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needles would form a stitch (as indicated by the “-”), remain
in position 1 (since 1/1 represents no movement), form
another stitch, move from position 1 to position 3, form
another stitch, and then remain in position 3 (since 3/3 would
also represent no movement). The pattern would repeat for
the full length of the fabric. The same notation method can be
applied to all stitch patterns and on all guide bars listed.

ITRLS

The interlacing of the loops within the fabric of the device
as it is being knit allow for one yarn to be under more tension
than the other under stress, locking it around the less ten-
sioned yarn; keeping the fabric from unraveling when cut.
One of the other two movements in the course direction
occurs in every few courses creating the porous design of the
scaffold. As being knit these yarns follow a repeat pattern of
3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-1/1-1/1-5/5-5/5-3/3-3/3-5/
5-5/5-3/3-3/3-7/7-7/7 for the course direction movement. The
other movements in the course direction occur in every few
courses creating the openings in the scaffold. These yarns
follow a repeat pattern of 1/1-5/5-5/5-3/3-3/3-5/5-5/5-3/3-3/
3-7/7-7/7-3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-1/1 for the course
direction movement. The pattern adopts a yarn design made
with 3 ends of Td 20/22 raw silk twisted together in the S
direction to form a ply with 20 tpi and further combining 3 of
the resulting ply with 10 tpi in the Z direction. The same yarn
design is used for the movements occurring in the wale and
course directions. The stitch density or pick count for the
scaffold design is preferably 40 picks per centimeter includ-
ing the total picks count for the technical front face and the
technical back face of the fabric, or equivalently 20 picks per
cm considering only one face of the fabric. The operating
parameters are not limited to those described but just the
optimum values for the physical properties of the device as a
mesh or scaffold with the knit structure set forth which
includes a twisted yarn. Sericin is preferably removed from
the silk fibroin fibers after the yarn is formed (that is after the
silk fibroin fibers have been twisted together, but not yet
knitted) but before the mesh has been knit and/or after the
device has been knitted. A preferred embodiment of the
device is made of a 9 filament, twisted, and purified (sericin
depleted) silk fiber. Once so formed into yarn (made from the
twisted silk fibroin fibers) the yarn is then warp knitted as set
forth above to thereby make the device. The properties of the
device (mesh) include improved drapability, stretch, and con-
formability as compared to SERI standard 102 (SERI Surgi-
cal Scaffold), as shown in Table 5 below, where “SERI Stan-
dard 102” is the known SERI® Surgical Scaffold, and “SERI
Pliable Sterilized” is the present device.

TABLE 5
SERI SERI Pliable

Test Parameter Standard 102 Sterilized
Burst Stiffness (N/mm) 4L 253

% Elongation @ break- FF 510 1099

% Elongation @ break- FW 33D 81.36@
% Elongation @ 16N- FF 6.82 33.3@

% Elongation @ 16N- FW 3.99 3219

M = 4 devices average
@n =20 devices average
®n =15 devices average

The Table 5 properties were achieved, in part, by creating a
symmetrical, diamond shaped pore that allows for bidirec-
tional stretch. Selected further physical properties of an
embodiment of the device are shown by Table 6.
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TABLE 6

Test Parameter Mean

Burst Strength (MPa) 0.451
Stiffness (N/mm) 25.65@
Tensile Stress- FF 6.611
% elongation @ break- FF 109.26
Tensile Stress- FW 2.861
% elongation @ break- FW 81.361
Tear Strength (N)- FF 148.861
Tear Strength (N)- FW 83.72)
SPO force N/suture FF 16.981
SPO force N/suture FW 19.57M
% Elongation @ 16N- FF 33.320
% Elongation @ 32N- FF 44,440
% Elongation @ 16N- FF 3217
% Elongation @ 32N- FF 41.95W
Density (mg/mm) 0.13V

Mn = 20 devices

@n =15 devices

Table Legend

MPa means Mega Pascal

N/mm means Newton per millimeter

FF means fabric formation (fabric length)
FW means fabric width

N means Newton

mg/mm means milligram per millimeter.

EXAMPLE 2

Use of Pliable Silk Device in Two Stage Breast
Reconstruction

The pliable silk device of Example 1 (“the device”) can be
used as a transitory scaffold for soft tissue support and repair
in two-stage breast reconstruction to reinforce deficiencies
where weakness or voids existed that required the addition of
material to obtain the desired surgical outcome. The device is
supplied sterile in a with one device utilized per breast. The
device placed during each subject’s stage I breast reconstruc-
tion with a tissue expander placement procedure. Following
mastectomy (either immediate or delayed), the surgical site is
readied for subpectoral tissue expander insertion in accor-
dance with standard surgical methods. The tissue expander is
rinsed in antibiotic solution (according to standard of care)
and inserted into the subpectoral pocket. The device s cut to
size (prior to, during, and/or after suturing) to repair the void
between the pectoral muscle and the chest wall (i.e., infra-
mammary fold region). The device is rinsed with antibiotic
solution and sutured in place, with a minimum suture bite of
3 mm or one full row of material. If any cutting is performed
in situ, rinsing of the implant site is performed. Intra-opera-
tive photography is taken of the device prior to closure. The
tissue expander is filled as appropriate, drains placed accord-
ing to usual standard of care and number and location of
drain(s) noted. Standard rinsing of the surgical site and clo-
sure is performed. Prophylactic antibiotic use and duration is
documented.

In a second surgical procedure, the tissue expander is
removed and replaced with a breast implant. The surgical
approach used to remove the tissue expander. Implant place-
ment is subpectoralis muscle and the pocket is prepared. The
breast implant is rinsed in antibiotic solution and positioned
within the pocket. Closure is performed.

The device provides soft tissue support and facilitates posi-
tioning of the implanted tissue expander. The stage I
implanted expander is a temporary implant. The stage II
breast implant is intended to be a permanent implant, typi-
cally remaining implanted in the patient for ten or more years.
The device also provides stabilization of the pectoralis
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muscle and can as well assist with maintenance of the position
and appearance of the inframammary fold during stage [ of a
breast reconstruction and can provide this function after stage
1 as well. At the time of stage II (when the tissue expander is
removed and the breast implant is implanted) the device is
then fully or at least partially integrated within the underlying
soft tissue which has grown into and around the pores of the
scaffold. The device begins to be bioresorbed as soon as the
device had been implanted in a patient and the device is
completely bioresorbed after about one to four years after
implantation. The device is implanted at stage I to help hold
the tissue expander in place (the device is sutured in to form
a pocket in which the tissue expander rests and/or the device
is draped over the tissue expander). At the time of stage 11
when the tissue expander is removed and replaced by a breast
implant (saline or gel filled) the device is not removed and the
device remains in place within the patient.

Preferably, no additional or further device is implanted in
the patient at stage II or thereafter. Importantly, the device
implanted in the patient in stage I provides soft tissue support
and along with the implanted tissue expander maintains the
existence of a pocket or space during stage I (the tissue
expansion stage) that is until the stage II breast implant
implantation in the patient into the pocket or space so main-
tained during stage 1. Thus the device assists to ensure that a
pocket or space is available for the placement of the stage 11
breast implant. Significantly, the stage I implanted device is
left in place implanted in the patient and is not removed. By
stage II the device has be incorporated into the underlying soft
tissue and vasculature has grown in and around it.

Preferably the scaffold is comprised entirely of or consists
essentially of sericin depleted, knitted silkworm silk. The
implanted device begins to be biodegraded or bioresorbed as
soon as it is implanted in a patient. The fabric is completely
(100%) bioresorbed (biodegraded) within about one year to
about four years after implantation in a patient.

EXAMPLE 3

Use of Pliable Silk Device in Single Stage Breast
Reconstruction

The device of Example 1 is supplied sterile in a single-use
size with one device utilized per breast. The device is
implanted in the subject immediately post mastectomy, dur-
ing the breast implant placement surgery, in a direct-to-im-
plant breast reconstruction procedure. In this Example the
device is used in in DTI breast reconstruction is used.

Following mastectomy, the surgical site is readied for sub-
pectoral breast implant insertion in accordance with standard
surgical methods. The breast implant is rinsed in antibiotic
solution and inserted into the subpectoral pocket. The device
is optionally cutto size (prior to, during, and/or after suturing)
to repair the void between the pectoral muscle and the chest
wall (i.e., inframammary fold region). The device is rinsed
with antibiotic solution and sutured in place to both the pec-
toralis muscle and chest wall, with a minimum suture bite of
3 mm or one full row of material. If any cutting was performed
in situ, rinsing of the implant site is performed. Drains are
placed according to usual standard of care and number and
location of drain(s) noted. Rinsing of the surgical site with
antibiotic solution and closure is performed. The surgical
drain(s) is removed when deemed appropriate. The result is
that the patient has breasts properly positioned and propor-
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tioned which look and feel like normal breasts. The same or a
very similar procedure can be used for breast augmentation
using the device.

EXAMPLE 4
General Surgical Procedures for use of the Device

The device can be used as a transitory scaffold for soft
tissue support and repair to reinforce deficiencies where
weakness or voids exist that require the addition of material to
obtain the desired surgical outcome, including but not limited
to reinforcement of soft tissues in reconstructive and plastic
surgery to obtain the desired aesthetic outcome. The device
should not be used in patients with a known allergy to silk nor
in direct contact with bowel or viscera where formation of
adhesions may occur. To use the device:

1. irrigate and aspirate the device implant site with saline
following the in situ cutting of the device to remove any
device particulate debris that may have been generated.

2.the device s stored in its original sealed package away from
direct sources of heat at ambient room temperature.

3. handle the device using aseptic technique and sterile talc-
free gloves.

4. remove the device from the package. Although the device
does not require rehydration for mechanical or physical
performance, a brief incubation (minimum 2-3 seconds) in
sterile rinse solution is recommended prior to implanta-
tion.

5. use the type of suture or fixation system that is appropriate
for the patient use.

6. sutures should be placed atleast 3 mm, or one full row, from
the cut edge of the device.

7. If preferred, the uncut device can be sutured over the patient
defect and trimmed once secured in place followed by
rinsing and aspiration.

8. the device should be sufficiently anchored to stabilize it
during tissue ingrowth.

9. for laparoscopic procedures the device should be rolled
along its long axis and may be delivered through a 7/8 mm
or larger cannula.

EXAMPLE 5
Use of the Pliable Silk Device for Hernia Repair

In general, there are two main types of hernia repair: open
hernia repair and minimally invasive (laparoscopic) repair.
Open repair is a traditional hernia repair procedure. There are
numerous and varied approaches for performing this type of
hernia repair. Such approaches are performed routinely with
local and intravenous sedation. Due to the larger size of the
incision, open hernia repair is generally painful with a rela-
tively long recovery period. Minimally invasive (laparo-
scopic) repair is usually performed under general anesthesia.
Spinal anesthesia and local anesthesia are used under certain
circumstances. Benefits associated with minimally invasive
(laparoscopic) repair include shorter operative time, less pain,
and a shorter recovery period.

In laparoscopic hernia surgery, a telescope attached to a
camera is inserted through a small incision that is made under
the patient’s belly button. Two other small cuts are made in
the lower abdomen. The hernia defect is reinforced with a
mesh and secured in position. The device is secured in posi-
tion by stitches, staples, tacks, and glue.

Another form of laparoscopic hernia repair is ventral her-
nia repair (laparoscopic). Incisional, ventral, epigastric, or
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umbilical hernias are defects of the anterior abdominal wall
and may be congenital (umbilical hernia) or acquired (inci-
sional). Incisional hernias form after surgery through the
incision site or previous drain sites, or laparoscopic trocar
insertion sites. Incisional hernias often occur after open sur-
gical procedures. These hernias present with a bulge near or at
a previous incision. The device (a prosthetic mesh) is used in
order to minimize tension on the repair so as to reduce the
chance of hernia recurrence. Traditionally, an old incision
scar is incised and removed. Inspection of the entire length of
the incision generally uncovers multiple hernia defects. The
area requiring coverage is usually large and requires much
surgical dissection. The device is used to cover the defect
before closure of the wound. This is a major and often com-
plex surgical procedure. The use of the device decreases
possible recurrence. A patient typically returns to normal
activity within a matter of weeks. The principles governing a
laparoscopic ventral hernia repair are based on those of open
Stoppa ventral hernia repair. A large piece of the device is
placed under the hernia defect with a wide margin of mesh
outside the defect, and the mesh is anchored in to place and
secured to the anterior abdominal wall. The device is
anchored into place, for example, by sutures. The device is
secured to the anterior abdominal wall, for example, by tacks
which are placed laparoscopically.

EXAMPLE 6
Use of the Pliable Silk Device in Abdominoplasty

The device can be used in body aesthetics and body con-
touring surgical procedures. One such embodiment relates to
use of the device in abdominoplasty. There are various surgi-
cal procedures for performing an abdominoplasty depending
upon the type of abdominoplasty to be performed. The time
needed for conducting an abdominoplasty also varies
depending upon the type of abdominoplasty to be performed.
For example, a complete abdominoplasty typically is com-
pleted in 1 to 5 hours. A partial abdominoplasty, also referred
to as a mini-tuck abdominoplasty, is typically completed in 1
to 2 hours. Following an abdominoplasty surgical procedure,
reconstruction of the umbilicus, commonly referred to as the
belly button, may also occur. The original umbilicus is
attached, such as by sutures, into a new hole created by the
surgeon.

A complete abdominoplasty is also referred to as a full
abdominoplasty. In a complete abdominoplasty, an incision is
made from hip to hip just above the pubic area. Another
incision is made to separate the navel from the surrounding
skin. The skin is detached from the abdominal wall to reveal
the muscles and fascia to be tightened. The muscle fascia wall
is tightened with sutures. The remaining skin and fat are
tightened by removing the excess and closing. The old belly
button stalk is brought out through a new hole and sutured into
place. Liposuction may also be used to refine the transition
zones of the abdominal contouring. A surgical dressing and
optionally a compression garment are applied. Excess fluid
from the site is drained. A complete abdominoplasty may also
comprise a musculofascial plication abdominal dermal lipec-
tomy and/or suction-assisted lipectomy of hips.

A partial abdominoplasty is also referred to as a mini
abdominoplasty. In a partial abdominoplasty, a smaller inci-
sion is made as compared to a complete abdominoplasty. The
skin and fat of the lower abdomen are detached in a more
limited manner from the muscle fascia. The skin is stretched
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down and excess skin removed. The belly button stalk may be
divided from the muscle below and the belly button slid down
lower on the abdominal wall.

A portion of the abdominal muscle fascia wall is optionally
tightened. Liposuction is often used to contour or sculpt the
transition zone. The flap is stitched back into place. A com-
bination abdominoplasty and liposuction procedure is often
referred to as a “lipo-tuck”. During such procedure, skin is
removed and subsequently sutured. As noted above, the belly
button is reattached to a new hole created by the surgeon.

An extended abdominoplasty is a complete abdomino-
plasty plus a lateral thigh lift. The patient is cut from the
posterior axillary line. The operation includes all of the
abdominal contouring of a complete abdominoplasty plus
allows further improvement of the flank (waist), as well as
smoothing the contour of the upper lateral thigh.

A high lateral tension tummy tuck is a more involved
procedure and typically takes at least four and half hours to
perform. Inthis method, in addition to vertical-line tightening
as is the case in most conventional abdominoplasty proce-
dures, muscles are also tightened horizontally. The procedure
provides a patient with a flat abdomen and with an improved
waistline.

A circumferential abdominoplasty, also referred to as abelt
lipectomy or body lift, is an extended abdominoplasty in
conjunction with a buttock lift. The incision typically runs all
the way around the body. This surgical procedure is suitable,
for example, for patients who have undergone massive weight
loss.

The above procedures can be used alone or in combination.
For example, an abdominoplasty may be conducted in the
course of a lower body lift. Alternatively, abdominoplasty is
combinable with liposuction contouring, breast reduction,
breast lift, or a hysterectomy. Breast enhancement procedures
performed in conjunction with an abdominoplasty are often
referred to as a “mommy makeover”. In such a procedure,
barbed sutures may be employed.

An abdominoplasty procedure can be conducted using the
device The typical fascial is done first, using a row of figure of
eight sutures, first and then another layer of running suture all
#1 PDS (polydioxanone suture, Ethicon) Two pieces of the
device can be used as an onlay to augment the fascia tighten-
ing. One 10x25 cm piece can be used in the lower abdomen.
Itcan be laced transversely, the vertical dimension 10 cm, can
be positioned with the lower edge at level of the pubic symph-
sis, and the upper edge at the lower border of the umbilicus.
The 25 cm transverse dimension can be suitable. A second
scaffold can be cut and tailored to use in the supra-umbilcal
region, with care taken not to leave too close to the umbilical
closure. As the closure around the umbilicus occasionally
may not heal primarily, extra care is taken with sutures/device
in this location.

The handling characteristics can be excellent. The device is
secured at its periphery with a 3-0 V-Lock (COVIDIEN brand
of barbed suture, made of a material similar to PDS).

The patient can do very well and can be hospitalized over-
night. The patient has a total of 5, ten mm flat blake drains—
two that drain the back and three in the front. The patient stays
on antibiotics until drains were which is typically within 10 to
20 days.

To summarize a device according to the present invention
is a biocompatible, bioresorbable, pliable surgical matrix
(mesh or scaffold) made preferably from the silk of the Bom-
byx mori silkworm. Because raw silk fibers are comprised of
afibroin protein core filament that is naturally coated with the
antigenic globular protein sericin the sericin is removed by
aqueous extraction. Yarn is then made from the sericin-de-
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pleted fibroin protein filaments by helical twisting to form a
multi-filament protein fiber. The multi-filament protein fiber
yarn is then knit into a three dimensional patterned matrix
(mesh or scaffold) that can be used for soft tissue support and
repair. The device upon implantation provides immediate
physical and mechanical stabilization of tissue defects
because of'its strength and porous construction. Additionally,
the porous lattice design of the device facilitate native tissue
generation (that is tissue ingrowth) and neovascularization.
The natural tissue repair process begins with deposition of a
collagen network. This network integrates within the protein
matrix, interweaving with the porous construct. Neovascular-
ization begins with endothelial cell migration and blood ves-
sel formation in the developing functional tissue network.
This new functional tissue network and its corresponding
vascular bed ensure the structural integrity and strength of the
tissue. In the beginning stages of the tissue ingrowth process,
the device provides the majority of structural support. The
device (made of silk) is gradually deconstructed (biore-
sorbed) into its amino acid building blocks. The slow pro-
gression of the natural biological process of bioresorption
allows for the gradual transition of support from the protein
matrix of the device to the healthy native tissue thereby
achieving the desired surgical outcome.

What is claimed is:

1. A process for making a pliable, knitted silk mesh, the
process comprising the steps of:

knitting a first silk yarn in a first wale direction using the

knit pattern 3/1-1/1-1/3-3/3;

knitting a second silk yarn in a second wale direction using

the knit pattern 1/1-1/3-3/3-3/1;

knitting a third silk yarn in a first course direction using the

knit pattern 3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-1/1-1/1-5/
5-5/5-3/3-3/3-5/5-5/5-3/3-3/3-7/7-7/7; and

knitting a fourth silk yarn in a second course direction

using the knit pattern 1/1-5/5-5/5-3/3-3/3-5/5-5/5-3/3-
3/3-7/7-7/7-3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-1/1,
thereby obtaining the pliable knitted silk mesh.

2. The process of claim 1, wherein (a) the two movements
in the wale direction occur on separate needle beds (a knitting
machine having two needle beds); and (b) with alternate yarns
such as they knit with the opposing needle bed to their loca-
tion (the front set of yarn knit with the back needle bed and the
back set of yarn knit with the front needle bed).

3. The process of claim 1 wherein the silk yarns are made
of a nine filaments twisted, and sericin depleted silk fibers.

4. The process of claim 1 wherein the yarns are made with
three ends of raw silk yarn twisted together having a finesse of
Td 20/22 twisted together in the S direction (clockwise direc-
tion of twist) to form a ply with 20 tpi (twist per inch is the
number of twist measured in an inch of yarn) and further
combining 3 of the resulting ply with 10 tpi in the Z direction
(counter clockwise direction of twist).

5. The process of claim 1, wherein the stitch density or pick
count for silk mesh design is about 40 picks per centimeter
including the total picks count for the technical front face and
the technical back face of the mesh, or equivalently about 20
picks per cm considering only one face of the mesh.

6. A process for making a pliable knitted silk mesh, the
process comprising the steps of:

knitting a first silk yarn in a first wale direction using the

pattern 3/1-1/1-1/3-3/3;

knitting a second silk yarn in a second wale direction using

the pattern 1/1-1/3-3/3-3/1,

knitting a third silk yarn in a first course direction using the

pattern 3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-1/1-1/1-5/5-5/
5-3/3-3/3-5/5-5/5-3/3-3/3-7/7-7/7; and
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knitting a fourth silk yarn in a second course direction

using the pattern 1/1-5/5-5/5-3/3-3/3-5/5-5/5-3/3-3/3-7/

7-7/7-3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-1/1,

wherein:

(e) the two movements in the wale direction occur on
separate needle beds with alternate yarns and loops
that occur on every course are staggered within
repeat,

(f) the silk yarns are made of a nine filament, twisted, and
sericin depleted silk fibers,

(g) the yarns are made with 3 ends of Td 20/22 raw silk
twisted together in the S direction to form a ply with
20 tpi and further combining 3 of the resulting ply
with 10 tpi in the Z direction, and

(h) the stitch density or pick count for silk mesh design
is 40 picks per centimeter including the total picks
count for the technical front face and the technical
back face of the mesh, or equivalently 20 picks per cm
considering only one face of the mesh,

thereby obtaining the pliable knitted silk mesh.

7. A pliable knitted silk mesh made by:

knitting a first silk yarn in a first wale direction using the

pattern 3/1-1/1-1/3-3/3;

knitting a second silk yarn in a second wale direction using

the pattern 1/1-1/3-3/3-3/1;

knitting a third silk yarn in a first course direction using the

pattern 3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-1/1-1/1-5/5-5/

5-3/3-3/3-5/5-5/5-3/3-3/3-7/7-7/7; and

knitting a fourth silk yarn in a second course direction

using the pattern 1/1-5/5-5/5-3/3-3/3-5/5-5/5-3/3-3/3-7/

7-7/7-3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-1/1.

8. The pliable knitted silk mesh of claim 7, wherein the two
movements in the wale direction occur on separate needle
beds with alternate yarns and loops that occur on every course
are staggered within repeat.

9. The pliable knitted silk mesh of claim 7, wherein the silk
yarns are made of a nine filament, twisted, and sericin
depleted silk fibers.
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10. The pliable knitted silk mesh of claim 7, wherein the
yarns are made with 3 ends of Td 20/22 raw silk twisted
together in the S direction to form a ply with 20 tpi and further
combining 3 of the resulting ply with 10 tpi in the Z direction.

11. The pliable knitted silk mesh of claim 7, wherein the
stitch density or pick count for silk mesh design is 40 picks
per centimeter including the total picks count for the technical
front face and the technical back face of the mesh, or equiva-
lently 20 picks per cm considering only one face of the mesh.

12. A pliable knitted silk mesh made by:

knitting a first silk yarn in a first wale direction using the

pattern 3/1-1/1-1/3-3/3;

knitting a second silk yarn in a second wale direction using

the pattern 1/1-1/3-3/3-3/1;

knitting a third silk yarn in a first course direction using the

pattern 3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-1/1-1/1-5/5-5/

5-3/3-3/3-5/5-5/5-3/3-3/3-7/7-7/7; and

knitting a fourth silk yarn in a second course direction

using the pattern 1/1-5/5-5/5-3/3-3/3-5/5-5/5-3/3-3/3-7/

7-7/7-3/3-3/3-5/5-5/5-3/3-3/3-5/5-5/5-1/1; wherein:

(a) the two movements in the wale direction occur on
separate needle beds with alternate yarns and loops
that occur on every course are staggered within
repeat;

(b) the silk yarns are made of a nine filament, twisted,
and sericin depleted silk fibers;

(c) the yarns are made with 3 ends of Td 20/22 ra(g) w
silk twisted together in the S direction to form a ply
with 20 tpi and further combining 3 of the resulting
ply with 10 tpi in the Z direction; and

(d) the stitch density or pick count for silk mesh design
is 40 picks per centimeter including the total picks
count for the technical front face and the technical
back face of the mesh, or equivalently 20 picks percm
considering only one face of the mesh.

#* #* #* #* #*
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